In the first of two papers, the details and results of a systematic, carefully standardized application of dye dilution technic to the measurement of cardiac output are reporte(l. A substantially reduced output was a consistent finding in older subjects. Fa(tors responsible for this are analyzed in this article, and further interpretations are made in the succeedinig a1rticle. One result of the analysis of time-concentration curves of dye provides an interesting relationship to (linical estimates of circulation time.
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INVESTIGATIONS of cardiac output ill older, but presumably "normal," adults were made by Starr and his coworkers,1 by Lewis2 and by Aperia3 16 to 20 years ago, using the indirect gas methods then available. Although the insensitivity of these methods could mask a sizeable change, Starr and his associates noted that in the "period before 20 years the average cardiac index is higher than at any time later, after 50 it slowly declines. The number of cases was too small to demonstrate the significance of the difference." Their series included only nine cases over 50 years of age; the oldest was 76. Lewis, in a systematic agewise study, found a small decrease in cardiac index in 100 male subjects between 40 and 89 years of age. He considered that the observed changes represented neither statistically nor physiologically a significant decline and that they were predominantly the result of a decrease in oxygen consumption. A decrease of about the same order may be calculated from the data reported by Aperia,3 utilizing the acetylene technic of Grollman. These indirect Fick gas methods are now recognized as yielding values which are approximately 25 per cent too low, but even allowing for this, a sizeable decrease in cardiac output cannot be said to have been demonstrated by these studies, despite a consistent suggestion in this direction.
Age comparisons, using the Fick principle with right heart catheterization, were sought in the studies of Stead and his colleagues,4
From the Section on Gerontology, National Heart Institute, National Institutes of Health, U. S. Public Health Service, Department of Health, Education and Welfare, Bethesda and the Baltimore City Hospitals, Baltimore, Mld. 557 Coutrnanid and his co-workers5 and Nickerson and associates.6 In the series of Stead and associates,4 the oldest subject was 39 years. Cournand and co-workers5 included 17 normal male subje(ts, the oldest of whom was 58 years. Among these there was a definite decrease in cardiac output with age. Nickerson and associates6 studied seven patients over 50 years old, the oldest being 57, but found no significant age change. Other studies, where cardiac catheterization was used, do not contain the number or range of subjects to provide agewise data.
In a recent report, Smith and colleagues,7 using an indicator dilution technic, obtained a mean cardiac index of 2.67 in 10 subjects age 62 to 77 years, average 71 years. They considered this to be an unexpectedly low value in comparison to a mean of 3.5 liters per minute for 10 subjects 22 to 55, average 52 years of age.
Mainy attempts to estimate cardiac output have been made by approximation formulas or by empiric constructions based on blood pressure, pulse8 9 or ballistocardiographic records.10' 11 These methods do not measure cardiac output, nor do they provide reliable estimates for the individual. With the availability of an indicator dilution method for the determination of cardiac output, we set about to investigate this problem.
cardiac output were performed in 53 of these subjects. Seven additional subjects who were not considered "normal" were added to provide a series of 60 subjects on whom reproducibility of the procedure was tested. These seven are not included in the agewise analysis. All patients were chosen from the wards of the Baltimore City Hospitals, after having been in the hospital and afebrile for at least five days prior to the test procedure. They were ambulatory and none had had any surgical procedure within five days prior to the test. Some were convalescing from respiratory infections or awaiting discharge after convalescing from orthopedic conditions. Many had recovered from acute illnesses months or years ago and were living in the Infirmary division of the Baltimore City Hospitals. All It is of interest that the absolute deviation between determinations varied directly with the magnitude of the cardiac output (r = 0.40) while the per cent difference was more constant.
Although the mean value of the first determination exceeded that of the second by 136 ml. per minute (oE = 501) t, this difference was not statistically significant. The first value exceeded the second in 34 cases but was less in 26 cases. There was also no evidence of an age trend in the difference.
Cardiac Output (C.O.)-The basal cardiac output for all subjects averaged 5.08 liters per technic except for a manually operated collection rack instead of the rotating disc. The average difference between pairs was also 400 ml. or 7.4 per cent of the mean of the pairs, and all values in this group except two agreed within 19 figure 3 . The foregoing, and other significant correlations and statistical analyses are summarized in table 2. The interrelationships of cardiac output and age in our series may also be expressed as if the factors contributed by surface area and heart rate were removed, by the coefficient of partial correlation for cardiac output and age which was -0.50.
Although less conventional, it is at least equally applicable, and even more convenient, to express this data on the basis of body weight instead of surface area. The coefficient of variability is not lessened, nor is the simple correlation coefficient with age improved and the coefficient of partial correlation is -.54.
Estimates of circulation velocity and central fig. 4 ). There is a trend toward splaying out of the entire time-concentration curve, evidenced best by the increase in passage time with age averaging 0.23 second per year, and supported by the observation that the rate of increase in mean transit time (T) is twice the rate of the increase in appearance time.
The product of transit time (T) and cardiac output (C.O.) which is an estimate of central volume (V) showed a slight tendency to decrease with age.
True mean dye transit time was also com- ures (transit time and Decholin time) w-as 0.395 and the difference betwleen them did not change with age. Thus agewise trends in Decholin time and in the mean transit time for dye (T) supplied substantially the same information.
DiscUSSION
Values for cardiac output as here measured show a moderate range among individuals (O-d = ±t32 per cent). Some of this variability* is associated with differences in age, for a sizeable and significant decrease in cardiac output amounting to slightly over 1 per cent of the 50 year value per year, has been demonstrated with age for the subjects constituting this study. Part of the decrease in output is associated with a decrease in body size and part, with a decrease in the frequency of the heart beat, but the remainder-about half is due to reduction in the blood pumped per beat per unit of body size. Cardiac index, i.e., cardiac output per unit of body surface, has been widely used in comparing individuals of divergent size, and is generally useful. A constant of proportionality between output and surface area has not been theoretically or empirically demonstrated, so that other denominators such as body weight' justifiably have been used for these comparisons also. Data rates. The absence of an age trend in the differenc(e between the first and second cardiac output does not bear out this possibility.
The average decrease in cardiac output (C.O.) exceeds the average increase in transit time (T); thus their product (V) shows a tendency to decrease. This lack of evidence for any increase in central volume in our material is, therefore, no encouragement to the criticism that more of our older subjects had undetected heart disease. In addition the relation between cardiac output and transit time assists in an interpretation of age changes in the kinetics of dye dilution, as follows:
Although the increase in appearance time is most easily and plausibly interpreted as due to a reduction in the velocity of the first dye injected, and/or the fastest moving dyed blood, other factors must be considered. A longer appearance time will also result from (a) a longer traversal pathway, or (b) a slower rise in dye concentration up to the detectable level, without change in the velocity of the earliest arriving dyed blood.
The age increase in transit time was more striking than the increase in appearance time. The increase in transit time would also indicate a decreased mean velocity unless the equivalent traversal path was (a) longer or (c) cross sectional area was greater.
The increase in dye passage time (P.T.) with age, and the increasing spread between appearance time and transit time characterize a greater time dispersion of dyed blood at the sampling site. Since sampling is approximately proportional to blood flowv, this reflects a greater final time dispersion in the artery. Such increased splay would be anticipated as a consequence of a decreased velocity, but also would result from (a) an increased length of path (c) a greater cross 
